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Abstract

Often newer practical materials and devices, with huge economic gains,
have resulted from commercialization of suitable selections of latest research
on materials and their applications. Spread of laboratory discoveries of
semiconductors and their properties to practical applications in every sphere
of life and industry is the easiest example. Present work will focus on a few
random examples of newer materials science research topics that is, or may
possibly be, commercially exploited. Piezoelectric (PE) materials including
High Temperature (HT) PE materials will be outlined for industry to explore
novel applications ranging from ultrafine manipulation to heavy duty drilling
and making PE sensors, actuators and ultrasonic devices. Higher electrical
conductivity of a defect form of [I=VI oxides (Cd-O in particular) is highlighted
for possible practical exploitations. For 2™ generation Electromagnetic
Interference (EMI) Shielding, polymeric composites with either newer
absorbing agents or newer reflecting agents or their mixtures will be outlined.
Novel Fe- or Ni- based HTSCs (high temperature superconductors) are
less anisotropic and rather metallic in contrast to Cu-oxide HTSCs. So,
these offer added advantage for making superconducting electrical cables.
A balanced presentation of these potentially usable materials and their basic
physics will be attempted.

Introduction
Materials and Device manufacture at industrial

level is low in some countries like India, compared
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to their basic research achievement and such
commercialization level in few other countries like
Japan and China. This results in huge imports
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of critical items (like sensors & actuators, chips
and special polymers) and common commaodities
(like ink cartridges, piezoelectric generators in
gadgets and fun-shoes for children, for example).
A communication gap between the industry and
basic research in science & technology, except a
few recent developments, appears to be the main
cause of this low contribution of indigenous research
to industry. The industries, till very recently, felt
that import of “proven” knowhow from advanced
countries to be the easier and supposedly safer
option. However, materials and technologies “proved”
attractive in western countries may be somewhat
inappropriate for hot and humid countries like India.
A simple example is that the widely used rubber
bands soften in hot summer months. This softening
temperature should be raised by suitable blending
or other procedure. Here, we will outline a few
materials development areas that have potential for
applications but not yet fully developed into specific
applications. Few less discussed but promising
materials or topics, rather than well-known materials,
have been arbitrarily chosen — mainly from or
related to our work: (i) Newer piezoelectric materials
for sensors, actuators & imaging applications —
particularly for high temperature (HT) applications,?
(ii) utilizing the higher electrical conductivity, due to
non-stoichiometric defects, in some 1I-VI compounds
(cadmium oxide etc.),® (iii) novel Electromagnetic
Interference (EMI) shielding by rubber-like flexible
sheets of composites of a polymeric binder with
either newer absorbing agents or newer reflecting
agents or their mixtures,®® and (iv) novel Fe-based
HTSCs (high temperature superconductors) for
making superconducting electrical cables.”®

Electronic control and operation in most of the
modern devices or machines involve use of various
sensors and actuators, many of which are based on
piezoelectric (PE) effect. Ferroelectric (FE) materials
forming a sub-group of piezoelectric materials
have additional applications.?2 Subject to success
in materials and related developments, PE and FE
devices perform competitively better than alternative
devices (like electro-magnetic devices) but usually
at lower cost. There is increasing commercial and
technical interest for PE actuators (ranging from
electronic muscles, fuel injectors and inkjet printers
to various vibrators and drilling machines), PE

sensors (pressure and other sensors, heart beat
monitors and motion detection to energy recovery
applications), and ultrasonic imaging devices.
So, business houses can pay more attention to
production of latest and newer PE materials and
devices, to be reviewed under point (i), mentioned
above.

Cadmium oxide (Cd-O), a II-VI semiconductor,
appears to be a promising electromagnetic
material.®® It is almost entirely transparent in the
optical part of the electromagnetic spectrum, and
can have high electrical conductivity on firing at
temperatures like 800°C, as detailed later.’ There
has been interest for more than two decades in Cd-O
and other transparent conducting oxides (TCOs) for
optoelectronic devices of short wavelengths, thin-
film photo-voltaic devices and flat panel displays.
Now, current decade finds potential applications
of these oxide semiconductors (widely studied
Zn0O, and Cd-O & Mg-0) in optoelectronics and
high-performance electronic device applications.?°
While ZnO, with 3.3 eV room-temperature band gap
(E,) and large exciton binding energy of 60 meV, is
playing the main role in many 1lI-VI optoelectronic
devices, their spectral range is being extended into
the visible and deep ultraviolet ranges by alloying
ZnO with the smaller band-gap compound CdO,
having room-temperature Eg of ~2.2eV at the
Brillouin-zone center, and with larger band-gap
compound MgO with E of 7.7eV, respectively.®
We find non-stoichiometry in differently heat
treated “CdQO” and, hence, widely varying electrical
conductivity for Cd-O, referred in point (ii).

Many of the modern electrical and electronic gadgets
(including mobile towers) generate electromagnetic
(EM) radiation that can be harmful or disturbing to
other instruments and living beings to the extent
of causing carcinogenic damage to body cells. EM
radiation from such radiation-emitting equipment is
minimized to the legally required electromagnetic
compatibility (EMC) by wrapping it up, without
any gap, by an efficient electromagnetic shielding
material. Alternatively, one shields the object
(like sensitive measuring instruments) that is to
be electromagnetically protected. This is the only
way if the EM source cannot be shielded (e.g.
mobile towers that must emit). We will overview, as
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mentioned in point (iii), 2" generation EM Shields
based on a polymer.

Superconductivity discovered in 1911, has
shown some new surprises since the recent
and surprising discovery of Cu-O based High
Temperature Superconductors.®'!'3 Latest surprise
is superconductivity including HT superconductivity
in Fe-As or Fe-Te/Se materials containing magnetic
ions like Fe or often Ni as a major component.
Shattering the textbook idea that magnetic impurities
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destroy electron pairing and hence superconductivity,
the new Fe pnictides (Pn) and chalcogenides (Ch)
superconduct at high temperature up to T_ = 56 K.

Overview of Basics & Background

Outline of The Physics of Piezoelectricity
Generation of an electrical signal due to an applied
stress (Figures 1 & 2) is called Direct Piezoelectric
(PE) Effect. Converse or Inverse PE effect is the
generation of motion / force from applied voltage
(Figures 1 & 3).

Fig. 1: Schematic definition of Direct and Converse (or Inverse) Piezoelectric Effects,
showing applied action (Input) in red and generated effect (Output) in Green.
Taken from Jbaily and Yeung'®
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Fig. 9.1. Piezoelectric effect. (A) A quartz plate, cut from a single crystal.
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(B) By

stressing the quartz plate, an electrical charge is generated. (After Curie, 1889.)

Fig. 2: Above, direct PE effect, copied with original figure caption
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Curie brothers, Pierre Curie and Jacques Curie,
discovered Direct Piezoelectric Effect in 1800,
vide Figure 1, and Inverse Piezoelectric Effect in
1889, vide Figure 2, after Lippmann’s theoretical
prediction (1881) of the inverse effect. This inverse
effect is the basis of PE actuators and solid state
motion devices like drills & vibrators. These are
commercially attractive. Commercially interesting
Sensors & Energy Harvesters, on the other hand,
are based on direct PE effect. Ultrasonic Imaging
involves both effects.

As shown in Figure 2, Curie brothers measured
surface charges appearing on specially prepared PE

crystals, on hanging a small weight from the crystal.
Generated charge was measured by opening up
of attached leaves of an electrometer. Tourmaline,
quartz, topaz, cane sugar and Rochelle salt were
used as their PE samples. For detecting the inverse
PE effect (Figure 3), a thin and long quartz plate, QQ,
was sandwiched between two tin foils. By applying
a voltage to the tin foils, the quartz plate elongates
or contracts according to the polarity of the applied
voltage. To measure the very small displacement,
they used a lever ABD. The displacement of the tip
(A) of the long arm of the lever was measured with
an optical microscope.

Fig.3: Length change of the piezoelectric (PE) Quartz Plate QQ due to a voltage applied
across its thickness (converse or inverse PE effect) was magnified by lever action,
to move the tip A. Displacement of the tip A was measured by an optical microscope

Fig.4: (a). Crystal structure of BT, above Curie
temperature, T(Curie), is cubic (as shown
above). This cubic lattice with symmetric

arrangement of positive and negative charges

has no electric dipole moment making it non-
piezoelectric

Fig.4: (b). Below Curie temperature, T(Curie),
the perovskite structure of Figure 4(a) is
distorted with a shift of the small metal ion
(like Ti or Zr, shown in deeper black) with
respect to the plane of the negative O2-ions
generating an electrical dipole moment.
So, BT is piezoelectric and ferroelectric for
T<T(Curie)
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Using the example of piezoelectric effect in BaTiO,
(BT) in its tetragonal (orthorhombic) structure
below T(Curie) ~120°C, and no PE effect in its
cubic perovskite structure above T(Curie) ~120°C,
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Figure 4(a) & 4(b), one can confirm that non-
centro-symmetry in crystal structure generates
piezoelectricity.
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Fig. 5: Adopted from 1991 book by Y Xu (DOI: https://doi.org/10.1016/C2009-0-12800-3.)

A polycrystalline sample consists of crystallites or grains, defined here by thick lines. There are
many domains inside each grain,'® as shown. Each domain has its own polarization direction
(indicated by an arrow). Random orientation of polarizations of the domains in a sample,
represented in the RHS picture, results in zero net polarization of the sample

Centers of positive and negative charges being
different at T < T(Curie), an applied electrical voltage
will change their separation leading to dimension
change or generation of force if the dimension
change is externally resisted. This is inverse or
converse effect. Direct effect can be similarly
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understood. In Figure 4(b), an applied force (causing
dimension change) will move the centers of positive
and negative charges, causing electrical charging
of the sample faces (equivalent to generation of
voltage).
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Fig. 6: Adopted from reference.’ A domain of Figure 5 is represented here only by an arrow,
showing the polarization direction. Explanation of poling process, vide text

A sample may be a single crystal (SXL) or
polycrystalline, consisting of crystallites or grains.
A piezoelectric grain or SXL usually consists of
many PE domains."'#'* Domain is a region in which
all unit cells are polarized in the same direction

(Figure 5). So, each domain has its own polarization
direction, as shown in LHS picture of Figure 6 (and in
Figure 5 for only a few domains). Random orientation
of these polar domains results in zero net polarization
for the sample as depicted in RHS part of Figure 5,
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so that piezoelectricity does not show up. “Poling”
or orienting all the domains to practically same
polarization direction turns such a non-PE sample
PE. In “poling”, a constant electric field (often at
mediumly high temperature) is applied to “force” all
the dipole moments to align in one direction (middle
picture in Figure 6). Remanent polarization (RHS
picture in Figure 6) after withdrawal of the applied
field appears enough to keep the sample practically
unidirectionally polarized and piezoelectric. Synthetic
PE materials (like polycrystalline FE ceramics)
with a much improved piezoelectric response are
nowadays manufactured commercially for specific
actuating or sensing applications. These are always
“poled” samples. This has been a big step, from
naturally occurring PE materials, for moving towards
applications.

Since, the electrical-to-mechanical and mechanical-
to-electrical energy transfer in a PE material takes
place in a complex 3-dimensional way, tensor
equations govern these processes.'2'*® |t involves
electric field and polarization, which are vectors,
and elastic stress and strain which are second-order
tensors. Piezoelectric coefficients in the equations
link the variables, and provide quantitative measure
of the performance of the PE material, as detailed in
above references and many texts. For example, d_
are the piezoelectric strain coefficients representing
strain in h-direction due to an electric field applied

in m-direction. Jbaily and Yeung have explained
that unlike in elastic compliances and dielectric
permittivities, d_, is different from d, ."®

It is noted that d_, also gives the electrical
displacement created in m-direction by a stress,
applied in h-direction. Generation of electricity
(electrical displacement) from a stress obtained from
vibration or ocean waves generally use either d,, or
d,, mode." Here, d,, means 3-1 or (z-axis)-(x-axis)
coupling mode, implying application of the stress
in a direction perpendicular to that of poling, along
which PE voltage will be generated. Similarly, in d_,
or 3-3 coupling mode, the applied stress and the
poling of the piezoelectric material have the same
direction.'® Ocean energy recovery by PE effect is
still in the developing stage. Nations with vast ocean
or sea front can investigate its commercial viability.

Defect Form of Cadmium Oxide with High
Electrical Conductivity

We observe cadmium oxide to assume different
colors with different room temperature electrical
conductivities on firing it (for 36 h in present tests)
at different temperatures (Figure 7). A series of
characterizations, proved thermally created non-
stoichiometry defect.®+7:'® This must generate
charge-carriers (found by us to be electrons for the
samples subjected to Hall measurements), and,
hence, extra electrical conductivity.

L R

Set-1,E.Merck CdO
Set-2,E.Merck CdO

Aldrich CdO F,G,P, short Re-F
Aldrich CdO

Resistivity (m Ohm ¢m)

Temperatures of Heat Treatments (UC)

Fig. 7: Room temperature Electrical Resistivity® of 4 samples of differently non-stoichiometric

cadmium oxide, obtained by 36h firing at the

temperatures specified in the graph. Resistivity

reduces to almost 1/9 or so, for the fired cadmium oxides. Since, heat treatment at 800°C turns it
into a good electrical conductor, we wanted to see whether it can shield EM waves like a metal
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Newer Polymeric Composites for Electromagnetic
Shielding

Electromagnetic Interference (EMI) shields should
better be flexible for easier and gapless coverage
and also light. Metallic shields, the best for EMI
shielding, loose on both counts to the 2™ generation
EMI shielding materials based on polymers.®'°
On using a conducting polymer in pure or composite
form, one still needs the addition of a binder polymer
to get a flexible sheet. So, we tried a Si-based
polymeric binder that is initially a liquid. It could be
mixed with potential shielding powder/s and cured
overnight to any desired shape.

Fe-superconducting Compounds

The 1111 family of Fe-superconductors (RFeAsO
with substitution, R = rare earth element), having
tetragonal P4/nmm, ZrCuSiAs type structure,
shows the maximum T_~ 56 K for Gd,,, Th FeAsO
at x = 0.20.2° Here, we have chosen 122 family
Fe-superconductors like Ba(Fe, , Co,),As,, x =
0.102 having Tc = 22.5 K.8 Fe/Ni -based HTSCs
being metallic, their fabrication into superconducting

Signal-processing
electronics

Receiver

Transmitter

wires will be easier, with potential use in all high field
magnets as needed in modern developments like
fusion devices and accelerators. Our current work,
mainly on radiation damage in Fe-superconductors,
involves thin single crystal 122 samples to eliminate
extra properties inevitable in polycrystalline and thin
film samples.?!

Experimental Results & Discussions

HT and Other Applications of Piezoelectric
Materials

Piezoelectric imaging (using piezoelectric actuator/
generator and sensor materials) find innumerable
applications ranging from ultrasonography, fishing
and underwater viewing (for navigation and warfare)
to viewing, through high pressure molten metal
coolant in Fast Breeder Reactors, of control and
radioactive fuel rods.222 |t is simple in principle.
In Figure 8, reflected ultrasonic waves image the
man. We have taken the freedom of showing the
ultrasonic image itself as the Object (the man).
Imaging by transmitted wave is also widely used.

Object (person)

V4 -

\ﬁﬁj

Fig. 8: Sonar Imaging of a Man (or it can be a Submarine/ a shoal of fishes/ Fuel Rods of a
fast breeder reactor), using PE Transmitter, PE Receiver and proper electronics
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Common items like cell phones, diesel fuel injectors,
acoustic guitar pickups, grill igniters, ultrasonic
transducers, vibration sensors, certain printers,
musical greeting cards and host of specialized and
common applications utilize piezoelectric devices
— often at lower cost and with better efficiency
than other devices like eletro-magnetic devices.
Applications discussed by us in 2015 will be largely
skipped, but without affecting the completeness
of present work.2 It will be useful to quote from
the webpage of APC International about different
applications of PE sensors, actuators and imaging
devices.?

(@)

“PE Engine Knock Sensors” detects
detonation in petrol engines, and prevents
explosion by a feed-back mechanism. This
has reduced the safety margin of older cars
without such sensors.

“PE Pressure Sensors” is replacing strain
gauges or displacement sensors.

“Depth sounders and similar Sonar
Equipments” rely extensively on piezoelectric
sensors. It transmits and receives ultrasonic
“pings” usually in 50-200k Hz range, with the
advantage of high power density ~500 W, in
a compact ~10 cm transducer.

Replacement of older Diesel Fuel Injectors by
“PE Diesel Fuel Injectors” mainly in last one
decade or so. It now controls, with precise
timing, the high pressure (~1800 bar) fuel
at high rapidity rate (several times during a
single power stroke) — reducing emission and
noise, while increasing power and efficiency.
“Solenoid Replacement” by PE Actuator,
implying replacement of electromagnetic
solenoids by “PE Solenoids” is a big step
towards faster response, lower power
consumption and fewer moving parts.

“PE Micro Manipulators”, a kind of Solid State
Motion, for fine movement in certain advanced
investigations, correcting disturbances to
mirrors / diffraction gratings or to earth-based
telescope arrays or to spacecraft optics.
“Ultrasonic Cleaning”

“Ultrasonic Bonding” or “Ultrasonic Welding”
“Piezoelectric Motors”, providing Solid State
Motion, are more precise, compact and
predictable. Unlike conventional motors,
these can be designed to work in adverse

(!

(m)

environments with strong magnetic fields or
at cryogenic temperatures.
“PE Hammer” or “PE Dirill” for heavy duty work.
Deflection can be achieved in “Stripe
Actuators”.2 A Stripe Actuator is made by
sandwiching together two strips of PE material
in such a configuration (similar to a bimetallic
strip) that an electric input causes one strip to
expand while the other strip simultaneously
contracts, causing a deflection. “Piezoelectric
Linear Actuators” and “PE Bending Actuators”
can now generate huge forces up to several
kilo Newtons and large displacements up to
several mm.
In line with the last entries, there are “Stack
Actuators” or multiple piezoelectric elements
may stacked to multiply the displacement
achieved for a given voltage. These are used
in proportioning valves, electrical relays,
optical modulation, vibration dampening,
and other applications demanding fast and/
or precise control of movement.
“Ultrasound Imaging” — “Medical” and
“Industrial”. In addition to various medical
detection it is facilitating minimally invasive
surgical procedures.
“Medical Ultrasonic Procedures” include
use of focused ultrasonic waves to break up
kidney stones or destroy malignant tissue.
Also, the harmonic scalpel has allowed
surgeons to simultaneously incise and
coagulate tissue during a surgical procedure
without the need for cauterization. This leads
to less tissue damage, less blood loss, and
faster healing.
Inkjet-printer and dot-matrix-printer.223
“Piezoelectric Speakers” found in cell phones,
ear buds, sound-producing toys, musical
greeting cards, musical balloons.
“Piezoelectric Buzzers”, with lower fidelity
than piezoelectric speakers, are louder. But
they have a narrower frequency range.
“Musical Instrument Pickups” — Many
acoustic-electric stringed instruments have
PE pickups to convert acoustic vibrations
to electric signals.?® Typically, a strip of PE
material is placed between the instrument
body and the structure that supports the
strings. For instance, an acoustic-electric
guitar usually houses its piezoelectric strip
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beneath the bridge and within the saddle.
As the strings vibrate, the strip is agitated to
generate an electric signal. Electrical pickups
on violins, violas, and cellos use the same
concept, but the PE pickup may be clamped
to the bridge or integrated within the bridge —
instead of being located between the bridge
and the instrument body.

(s) “Microphones” — Various microphones
(such as contact microphones for percussion
instruments) use PE materials to convert
sound to an electricity. These microphones
generally possess high output impedances
that must be matched when designing their
respective pre-amplifiers.?

(t) “Piezoelectric Igniter”.

(u)  “Electricity Generation through Piezoelectric
Effect” is done by converting deflections or
displacements (due to water waves, wind,
dancing floor or engine vibrations) into
electricity. Waste energy recovery will also
cool the vibrating machine.

(v) “Under Liquid Sodium PE Viewing” of
radioactive-fuel and control rods in a Fast
Breeder Reactor (FBR) has been mentioned
earlier, and detailed in our 2015 review.?

Point (v) above needs PE imaging and attention to
keep FBR type nuclear reactors safe. U-235 from
mined uranium is the most common fuel for nuclear
power reactors that deliver green energy without
any carbon footprint, while coal and oil fired power
stations produce huge pollution and large C-footprint.
Safe storing of Spent Fuel of the nuclear reactors is
another problem, as the spent fuel still contains a lot
of radio nuclides like U-238. Fast Breeder Reactor
(FBR) can breed U-233 fuel from thorium (available
worldwide and abundant in monazite sand in India)
as well as fissile Pu-239 from U-238 in spent fuel
(called nuclear waste), while producing electrical
power.2 So, FBR helps solve three problems
(i) nuclear waste disposal through re-cycling of U-238,
(ii) overcoming U-shortage by producing nuclear
fuels and (ijii) producing electricity. FBRs will continue
to be strategically important to energy-starved India
—till fusion energy is commercially viable. It appears
that 0-PNO (orthorhombic lead meta-niobate) has
been used in Indian PFBR replacing PN used in
FBTR (Fast Breeder Test Reactor) for ultrasonic

imaging.22%We, Sahu and De (2014), also invented
a process to eliminate risky and industrially difficult
quenching step, and still get the orthorhombic
FE phase.2®

Point (u) is good for recovering waste energy,
specially in low energy applications like cell phone
charging. It is useful also for self-powering remote
devices.

Further feeling of various practical applications of
PE effect can be best obtained from a view of some
items in US Patent and Trademark Office database:

o US Patent: 8,087,186: Piezoelectric-based
toe-heaters for frostbite protection (Jahangir
S. Rastegar, 3 January 2012): Innovatively
placed PE devices in the shoes convert
repeated squashing and stretching of the
shoes into electrical energy that is used to
warm the feet in freezing cold environments.

o US Patent: 20050127677: Roadway
generating electrical power by incorporating
piezoelectric materials (Jeffrey Luttrull,
16 June 2005): It harvests energy from
vibrating roads or dancing floors.

o US Patent: 8,278,800: Multi-layer piezoelectric
generator (Haim Abramovich et al.,,
Innowattech, 2 October 2010): Details, with
improvement, of generating electricity from
vibrating roads.

o US Patent: 4,685,296: Ocean wave energy
conversion using piezoelectric material
members (Joseph R.Burns, 11 August 1987):
PE device to produce electricity from the up-
and-down movements of ocean waves.

o US Patent: 5,598,196: Piezoelectric ink jet
print head and method of making (Hilarion
Braun, Eastman Kodak, 28 January 1987):
Widely used precise squirting of desired ink
droplets due to electrical impulse induced
dimension change of certain piezoelectric
material in the ink tank of an inkjet printer.

o US Patent: US 20140128753 A1: Piezoelectric
heart rate sensing for wearable devices
or mobile devices (Michael Edward Smith
Luna et al.,, 8 May 2014): An advanced PE
instrument to monitor heart condition and
send details to the designated mobile.
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Minor applications of piezoelectricity are also many,
with scope for new inventions. Flexible piezoelectric
fibers, sewn into garments to charge mobiles or MP3
player, were developed (BBC News, 28-06-2011) at

99

the University of Bolton. BBC News, 19-10-2005,
revealed piezoelectric material based cochlear that
can be implanted into ears to remove deafness in
some cases.
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Fig. 9: Variation of the real part (¢') of the dielectric constant with temperature for various measuring
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Fig. 11: Thermo-gravimetric Analysis (TGA)* on powdered and bulk forms of orthorhombic PbNb,O,
(PNQ). Heating up to 257°C results in no mass loss for powdered PNQ and only 0.014% mass loss for bulk
PNQ. Heating up to 1067°C shows - no mass loss for powdered PNQ and only 0.12% mass loss for bulk PNQ.
So, there is no significant Pb-loss on heating up to 1065°C.” This is a relief till Pb-free substitutes are ready

We will show here only three characterizations of
these PE materials in Figures 9, 10 and 11. One
is measurement of g(i) = ¢(imaginary) and g(r) =
g(real), the imaginary and real parts of complex
dielectric constant of the shielding material. Dielectric
loss or loss tangent of present samples is defined
as tan & = (i) / ¢(r). Cited references and texts
document elaborately other characterizations like
the measurement of piezoelectric coefficients d,,
etc. Piezoelectric materials, based on barium titanate
(BaTiO, or BT) with T(Curie) ~ 120°C, and those
based on lead zirconate titanate (Pb(Zr,Ti)O, or PZT)
with T(Curie) ~ 370°C have served us well for most
of industrial, medical and consumer applications,
generally involving room or near room temperature
applications. Desirable piezoelectric parameters of
PZT favored its wide applications. However, a few
new and important applications, in automobile and
rocket exhausts, in some engines and gadgets, and
inside high pressure molten metal in Fast Breeder
Reactors (FBRs) involve high temperatures (HTs),
higher than or nearing the Curie temperature of
even PZT. Here, PoNb,O, (PNO), for which we found
somewhat higher T(Curie) ~573°C (Figure 9) than
usually reported, and newer PE materials come
in.22528 \While ferroelectric PE materials are in focus,
there are some useful piezoelectric materials that are
not ferroelectric. For non- ferroelectric PE materials,
melting temperature roughly represents the upper
limit of their piezoelectricity.

Presently, langasite (LGS), LiNbO, (LN), AIN,
YCa,0(BO,), i.e. (YCOB) and orthorhombic PbNb,O
appear to be the most widely used piezoelectric
materials for ultrahigh temperature applications
due to their stable performance at ultrahigh
temperatures. HT YCOB devices in particular,
including accelerometers, ultrasound transducers,
and acoustic emission sensors show a highly
steady and reliable operation even at temperatures
over 1000°C. In general, piezoelectric actuators
and miniature motors are yet to reach such a high
temperature.2 Only recently, a high temperature
monolithic compression-mode piezoelectric
accelerometer was fabricated using YCOB single
crystals. It was tested successfully as a function of
temperature up to 1000°C and in the frequency range
100-600 Hz. The prototype accelerometer showed
a sensitivity of 2.4 (0.4) pC/g, across the measured
temperature and frequency range, indicating a low
temperature coefficient. Furthermore, the sensor
exhibited good stability over an extended dwell time
at 900°C. So, YCOB i.e. YCa,O(BO,), piezoelectric
accelerometers are promising candidates for high
temperature sensing applications.

PE devices are being developed to monitor and
optimize the propulsion systems for operations at
temperatures up to 1000°C or even 1250°C to enable
safer, more fuel-efficient and more reliable vehicles,
rockets and missiles.2?® This includes measuring
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flow rate and monitoring of exhaust composition to
check pollution. A particular chemical coating that
absorbs a particular gas, is given on a quartz crystal
oscillator. Gas absorption increases the oscillator
mass causing a detectable change of the oscillation
frequency. This way gases like SO,, CO, CO,, O, and
hydrocarbons in the exhaust can be identified and

concentration estimated. Compared to commercial
strain gauges and optical fibre sensors, PE sensors
already reach higher temperature (>600°C), higher
accuracy, faster response and ease of integration.*°
Advantages of PE injection of diesel in automobile
engines has already been discussed.

Table 1: A comparison of some HT PE materials.? Usage temperatures# have been suggested on
basis of a standard of 1 M(Q.cm resistivity for comparison purpose. Here, standard abbreviations:
LN for LiNbO,, LGS for langasite, YCOB for YCa,O(BO,), & also GdCOB, have been used. Lower
resistivity materials (like LN) can often be used for a short period and in the high frequency
range, at somewhat higher temperatures (~ 1000°C for LN)

Material GaPO, LN LGS YCOB GdcoB
Tmax (°C) (phase transition or melt) 970 1150 1470 1510 1470
Tuse (°C) (suggested usage temp) # 700 600 800 ~1250 <1200
Temperature limited by Phase transition  Resistivity Resistivity
& attenuation
Resistivity Resistivity
Mechanical quality factor 10,000 2000 15000 9000 5000
Dielectric loss 0.15 5.5 0.5-0.2 0.3-0.1 0.3-0.2
Dielectric permittivity variation (%) 5 ~40 25-15 15-10 10-9
Resistivity (MQ-cm) 23 0.66 2t0 8 10t0o 200 41to 30
Table 2: Rough estimate of Cd at.% in differently fired (36 h)
cadmium oxide from XPS and AAS techniques

Firing Temperature °C 30 237 270 375 382 400 800

Cd at% from XPS* (surface data, No std.) 52.6 59.2 53.1 62.11 61.9

Cd at% from Atomic Absorption Spectro.# 32.7 32.7 258 365 363 357 453

A large number of ferroelectric materials
(vide Tables 1-3 of referencel®) are candidates for
high temperature piezoelectric applications:

e polycrystalline ceramics with perovskite and
tungsten bronze structures, including PNO,

e bismuth layer structures (bismuth layer
structured ferroelectric, BLSF, or Aurivillius
componds)

e double perovskite layer structures (double
PLSs).

e Single crystals like LINDO, (LN) and LiTaO® (LT),
with corundum structures that are ferroelectric
materials, with Curie temperatures of 1150°C
and 720°C, respectively.

More Details of Few Potential High Temperature
Pe Materials will be Interesting

Advantage of piezoelectric sensors and actuators
in practical applications is now extending to
modern high temperature (HT) applications in
the aerospace, aircraft, automotive and energy
industries for achieving improved fuel efficiency,
reduced emissions, decreased maintenance cycles
and decreased failures. More information can
obtained from industries like Dytran Instruments
Inc., by reviewing their websites <www.dytran.com>.
They offer, among many instruments, (i) Smallest
Accelerometer (20 gm), capable of operation up to
650°C, (ii) exhaust manifold testing and (iii) engine
vibration monitoring meant for testing Turbines,
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Rockets and Automobiles. Higher temperature PE
accelerometers are also available.

There are many suppliers, like Mitsubishi Materials
Co. Ltd., Japan, of piezoelectric materials
(like LiNbO, single crystals of different orientations
and LGS, La,GaSiO,,, crystals).?® The recent
mandate of the European Union to develop,
through METCO, the metrological infrastructure
and facilities within Europe for the traceable
metrology of piezoelectric, ferroelectric, thermal, and
electrocaloric properties at high temperatures and
applied electric fields, highlights the importance of
this research area.

Polymeric Composites for Electromagnetic
Shielding

Ever growing use electrical and electronic devices in
industrial, commercial, R & D and home applications
has resulted in many-fold increase in generation
of EM waves. This is increasing unwanted EM
Interference (EMI) to other devices and to living
beings to the extent of suspectedly causing cancer.

Polymer-based EMI §
Shielding Materials !

Electro-active

inorganics , L
like fired CdO Fine metal
turnings, a
waste from

our workshop

Yector Network Analvzer (VNA) measures :

Ferroelectrics
. like BT & PN

Polymeric composites that we fabricated include EMI
Shielding materials and Radar Absorption Materials
(RAMs). Following two parameters quantitatively
describe reflection, absorption and transmission of
such electromagnetic waves in materials.>%%

e  Shielding Effectiveness (or its negative, called
Shielding Efficiency), and

e Reflection Effectiveness (or its negative, called
Reflection Efficiency).

Figure 12 is an overview of three main types of
the novel polymer-solid composites, presently
developed using a Polymeric Binder or PB, namely
Silicone sealant 732 or Silicone sealant 734 from
Dow Corning, as the polymer. This PB, purchased in
tubes, is a thick liquid. On uniformly mixing it with one
or more solid powders and allowing overnight curing,
flexible Si-rubber composites in sheet form (the EM
shield) could be obtained. Vector Network Analyzer
(VNA) technique, a widely used technique of
measuring microwave reflection and transmission,®
has been utilized here. By measuring:

Fig. 12:The main panel summarizes the types of composites fabricated and the expected
mechanisms (absorption and reflection) of shielding. Two panels below schematically
explain Vector Network Analyzer measurement of EM wave transmission and reflection®

e P, EM power incident on the shield,
P ..cr EM power reflected by the shield, and
e P ., EM power transmitted through the shield,

out’

in the VNA, one can know, P
absorbed in the shield.

= EM power

absorb
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The 2-port network parameters S, = S, (for
transmission) and S, (for reflection) are related to
transmittance and reflectance:

T = Transmittance = P__/ P,

out in
Reflectance =P /P, =1S,,L,.

=18,l, and R =

refl

Since R = reflected fraction of EM wave intensity and
T = transmitted fraction, A = absorbed fraction, can
be found from the equality: R+A+T = 1.

Absorbed power = (Pin - Pout - F)reﬂ)'

For quantitative estimate of total shielding one
defines:

SE = Shielding Effectiveness in dB unit = 10 log
(Pout/ |:)in)'

Since P, < P,, SE will be a negative quantity. A
large negative value of Shielding Effectiveness will,
therefore, indicate high shielding. To avoid dealing
with this negative quantity, many authors* define a
new parameter:

Shielding Efficiency = - 10 log (P, / P,) indB = 10
log (P,/P_,) in dB, which has higher positive value
(larger P, /P_ ), for materials that shield more.
Similarly, 10 log (P,, / P,) in dB = Reflection
Effectiveness = RE, is a negative quantity, and
Shielding Efficiency = - 10 log (Prefl / Pin) in
dB. These arise from reflection. However, the
terminology in certain treatise is often different from
what we present here.

Three main types of polymer-solid composites
indicated in Figure 12 have been extended to
their mixtures in search of better results. A full list
of our composite samples is given in Table 3 of
reference.® Weighed amounts of this sealant (PB)
and components have been mechanically mixed for
20 to 40 minutes into a dough-like mixture, and then
pressed between a Teflon plate and a glass plate
into a sheet of approximately the desired thickness.
An important reason for choosing the Dow Corning
Silicone sealant is that the composite sheet cured
overnight into a flexible cloth-like rubber-sheet.
Chemical inertness is another advantage of this
polymeric binder. Unexpected shielding activity of

the sealant has been noticed in sheets without any
additive(s).

For situations® with negligible magnetic interaction
and low internal multiple reflections correction term,
the decibel value of EM Shielding Effectiveness
(SE or SE_ ) is simplified to:

total

SE =SE SE + SE

total — reflection absorption

For 700 MHz to 3 GHz VNA measurements, based on
coaxial holder, annular samples (or circular samples
with central hole) have been prepared by a newly
devised Double Plunger[6]. Rectangular wave guide
system is used in VNA frequency ranges covering
8 to 40 GHz. This needs rectangular samples - in
four specified sizes for the four above-mentioned
frequency ranges. Present VNA gives the variations
of 10 log (P, / P,) = Shielding Effectiveness in dB
unit = SE, related to S, ,, and 10log (P, / P,) in dB
= Reflection Effectiveness = RE, related to S, ,, with
frequency graphically, with digital data for selected
representative points.

Some Selected Highlights of Polymeric
Composites for Emi Shielding

Success has been achieved for the newly used
self-curing polymeric binder to prepare a variety of
flexible cloth-like composites (numbering 52), and
measure SE and RE over the wide range 700 MHz
to 40 GHz (Figures 13 & 14 for example).

Brass and copper turnings, which can be obtained
practically free from mechanical workshops, were
cleaned and sieved through a 1Tmm X 1mm net,
before making brass and copper composites (Figure
14). Its success paves the way for reducing cost.

Figure 13 shows the new but welcome feature
of two transmission minima®: SE = -10.68 dB at
17.69 GHz and SE = - 8.08 dB at 16.5 GHz for
non-conducting 732 RTV, chosen only as the
polymeric binder (PB). It may be helpful towards
RAM applications. Composites show these minima
in a diluted way. Here, doubling of layer (like making
PN1 into PN1-2) decreases transmission (except for
end-zone 17.7 to 18 GHz) - but only for the highest
PN-content polymer composite (PN1, composition:
PB:PN = 1:0.952),where PN contribution is likely
to dominate. PN or o-PNO appears to be an
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EM wave absorbing material. For lower 0-PNO
containing composites, PN2 (PB:PN = 1:0.551)
and PN3 (PB:PN = 1:0.134), where added PN or
0-PNO is less dominating, more power is seen to
be transmitted i.e. absorption decreases on going
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to double layer (PN2-1 to PN2-2). So, it is felt that
possible contributions to electromagnetic shielding
(i.e. to EM wave reflection and absorption) from
factors like interface and microstructure need to be
investigated more seriously.

2{2- 1200
= 2 et ad-0-0 ' #
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Frequency (GHz)

Fig. 13: Frequency dependance, in the frequency range 12 GHz to 18 GHz, of Shielding
Effectiveness = SE = 10log (P, /), of the pure polymeric binder, PB (732 RTV), and its
composites with different weight ratios of PN (orthorhombic PbNb,O,). PN1 is
(PB:PN = 1:0.952). PN2 is (PB:PN = 1:0.551). PN3 s (PB:PN = 1:0.134). Also PN1-2,
PN2-2 and PN3-2 are double layers of PN1, PN2 and PN3, respectively®
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~k -%7- Cd0-800-BT-32 = PB:CdO-800:BT = 1:0.207:0.205
A~ _20- —% = Cd0-800-BT-34 = PB:CdO-800:BT = 1:0.237:0.185
=
5
&
o301
=
=
-40+ - M- Brass-41 = PB:Brass = 1:0.485
—® - Brass-CdO-800-43 = PB:Brass:CdO-800 = 1:0.221:0.441 ™=
-@- Cu-51 =PB:Cu = 1:0.497
_50 L} L} L] L} L] L) L) L)
26 28 30 32 34 36 38 40
Frequency (GHz)

Fig. 14: Variation of shielding effectiveness, 10 log (P, /P, ), with frequency, of 6 composites our
Polymeric Binder (PB) with one or more of CdO-800, BaTiO, (BT), Brass turnings (Brass)
and Copper turnings (Cu) in compositions as listed in the Figure with Sample Name
and Symbol. This is in the frequency range 26 GHz to 40 GHz®
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Measured SE = - 44.82 dB (Figure 14) for PB/
Brass (Brass 41) at 39.997 GHz,> and SE = -32.83
dB for PB/Cu (Cu 51) at 10.380 GHz, in Figure
9 of Sahu and De,® are already high, although
no optimization steps have yet been carried out.
Composites / multicomposites with BaTiO, or BT
with T(Curie) = 124°C have also been studied.[6] EMI
SE of -29.71 dB at 9.901 GHz for the non-metallic
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composite PB/CdO-800/BT (CdO-800 BT 34) is very
satisfying. Shields prepared from metal turnings have
performed well.

Reflection effectiveness, 10 log (P, / P,), of
polymeric composites involving PN, BT and metal
turnings (over ~26 to 40 GHz), is depicted in
Figure 15.
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= -40 @—— —%-CdO-800-BT-34 = PB:CdO-800:BT = 1:0.237:0.185
- ~[™ — Brass-41 = PB:Brass = 1:0.485
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-50 L] L L] L] L]
26 28 30 32 34 36 38 40
Frequency (GHz)

Fig. 15: Variation® of reflection effectiveness, 10 log (P /P, ), with frequency, of 6 composites our
Polymeric Binder (PB) with one or more of CdO-800, BaTiO, (BT), Brass turnings (Brass) and
Copper turnings (Cu) in compositions, listed in the Figure with Sample Name and Symbol.
This is in the frequency range 26 GHz to 40 GHz

It is further noted, that for conductive composites
(CdO_800), reflection part increases (~ 10.64%)
and absorption part remains practically unchanged
(only ~ 0.43% change), on increasing thickness
(CdO_800 33 sample, single to double layer change),
to show reflection to be the dominating mechanism.
For dielectric composites (PN35), on the other
hand, reflection part changes little (~ 2.42% change
only) and absorption part increases significantly
(~ 7.46%), on increasing dielectric powder (PN)
wt.% from 13.4 to 55.1. Transmission is much less in
X- band than in UHF band implying better EMI
shielding. For example, PN352 sample transmits
24.4% for single layer and ~ 15.7% for double layer
at 11.256 GHz (X-band), whereas it has ~ 71.1%
transmission at 3 GHz (UHF band). Also, absorption
increases from ~ 17.5% (at 3 GHz, UHF) to ~ 26.2%
(at 11.256 GHz, X-band). PN samples shield better

than BT or BT_CdO samples in low frequency
range (700 MHz to 3 GHz). Copper composite
polymer samples act as better shielding materials
(~ 0.05% transmitted at 10.3822 GHz) than brass
composite polymer sample (1.01% transmitted at
10.3822 GHz), in 8 to ~ 10.83 GHz range. But, brass
composite polymer sample shows better shielding
(0.18% transmission at 11.600 GHz) performance
than Cu composite polymer sample (1.12% at
11.600 GHz) above ~ 10.83 GHz — up to the highest
frequency studied here (12 GHz). Low transmission
i.e. good EMI shielding by these workshop waste
materials (copper and brass turnings) has been
possible by our fabrication of cloth-like polymeric
composites with these materials, opening up a lower
cost substitute for the widely used metal sheets and
wire-meshes. The fabrication needs to be further
perfected for optimum EMI shielding.
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Polymeric composite PN, (PB:PN = 1:0.134),
involving the Polymeric Binder (PB) and ferroelectric
0-PbNb,O, (PN) is a good Absorbing Material
at around 19.1 GHz, as reflection as well as
transmission has been measured, to be low. PN,
has large absorption also around 22.04 GHz.®
These provide base for developing RAM or Radar
Absorbing Materials.

Polymeric composites like Cu-51 (PB:Cu = 1:0.4969)
and Brass-41 (PB:Brass = 1:0.4854) have been
made from mechanical workshop waste of copper
and brass turnings. Cu-51 shows low transmission
of -28.03 dB at 12 GHz (in Figure 9) and similar
or lower transmission down to ~ 8.4 GHz (Figure
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9).2 Similarly, brass composite sample Brass-41
(PB:Brass = 1:0.4854) is a low transmittance or EM
shielding material, transmitting only ~ 0.21% to ~
0.003% (- ~ 26.87 dB to ~ - 44.68 dB) in 26 to 40
GHz frequency range, as shown in Figure 11.[3] So,
use of waste copper and brass turnings instead of
metal powders is providing good EM shielding at
much lower cost. Adding ferroelectric powder PN,
in the polymeric binder (PB:PN = 1:0.134) induces
EM wave absorption. Discovery of RAM-like high EM
wave absorption in the 732 RTV polymeric binders
itself is another important finding of this work.

More work remains to be done than what have been
done, for understanding and fruitful applications.

e mass identification of the target atoms resulis from the
ergy of the backscattered projectile, typically measured by
eans of a surface-bamier detector

RES-measuring principle

- Hmadiation of the sampie with Eght ions and detection of
the elastically backscattered projectiles at large angles

proj ectile 0
0

target atom

E2 1

E

o

Eq

Fig. 16: Schematic of Rutherford BackScattering (RBS) characterization

Characterization of Non-Stoichiometry In li-Vi
(Cd-0) Samples and their Novel Properties

It has been known for decades and even recorded
in standard chemistry texts (F.A. Cotton and G.
Wilkinson (Wiley), and H. Remy (Elsevier)) that
cadmium oxide, prepared by different techniques,
show different colors ranging from black to gray

and golden. But it was never seriously investigated
before we started this work around 1996.3417:31.32
We wanted to investigate in more details, also
because CdO is a II-VI compound, potentially
important as a semiconducting material. Next, we
found that prolonged heat treatment (decided to
be 36 h) at different temperatures give at room
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temperature - different colors, and more importantly,
different electrical conductivity. Firing at 800°C or
so produced black Cd-O. Clearest indication of the
real difference of the differently fired samples came
from our Rutherford backscattering experiment
using 3.05 MeV alpha-beam at the pelletron
facility of IOP, Bhubaneswar, India (Figure 16).*
Measured energy of the backscattered projectile
(here, alpha-particle) gives the mass of the target
(sample) atom that backscattered it (say Cd). The
intensity of the backscattered alphas at that energy
corresponds to atomic percent of the scattering

3000 4
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O-resonance

1000

Backscattering Intensity

500
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atom (here, Cd, giving Cd step in the intensity vs.
energy plot, Figure 17).3* The energy of 3.05 MeV
of the projectile alpha beam was chosen to give the
resonant scattering peak of O-atoms in the samples,
in addition to the step for Cd. Larger RBS step for Cd
will imply more Cd in the sample (Figure 17).In these
characterizations, relative compositions rather than
absolute compositions have been determined as no
standard Cd-O have been available for calibration.
Our RBS also showed that 700°C firing of ZnO_400
increased relative Zn% implying O-loss.

Differently fired Cadmium Oxide samples

T T T T
0 200 400

T T T T T T 1
600 800 1000 1200

Channel No. (Energy of the scattered « particle)

Fig. 17: Different RBS step heights for Cd in CdO samples after 36 h
firing at temperatures indicated in °C in sample names

at grazing incidence

projectile OE\O

scatterplot time vs. energy

ERDA-measuring principle

« irradiation of the sample with high energetic heavy ions

-

target atom @

« coincident measurement of energy and time-of-flight with
fixed flight path for the outscattered atoms of the sample

According to E=M/2 +* it is possible to identify and
separate the various masses in the two-dimensional
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Fig. 18: Principle of Elastic Recoil Detection Analysis (ERDA)
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Fig. 19: TOF-ERDA raw data on our 1175°C fired Mg-O, scatterplot of recoil energy vs. time of
flight — different traces for different elements. Large intensity (red) of Mg and O compared to
impurities or surface contaminations can be noted. It is not ideal for presently used
pellet sample that can have trapped moisture etc?®

1.14
1.04
0.9
0.8+

0.7

ERDA Cd:O ratio

-

|

0.6-

— .,
[—

0 200

400
firing temperature (°C)

600 800 1000

Fig. 20: Cd:O for “CdO” from ERDA after 36 h firing at different temperatures?

Cd-O composition was investigated also by Elastic
Recoil Detection Analysis (Figure 18-20),% with TOF
(Time Of Flight) detection of recoil or scattered atoms
of the sample, at HMI, Berlin, in collaboration with J.
Roehrich and W Bohne. Coincident measurement of
energy E of each recoil atom and its velocity v (from
flight time over a known distance) gave mass of the
recoil atom using relation E = (1/2)Mv2. Deducting

composition from this data involved many simplifying
assumptions, and values in Figure 19 are not the
absolute values.

Exact composition could not be obtained by any of the
techniques. Atomic Absorption Spectroscopy (AAS)
determines bulk composition.>'” Other techniques
probe down to the depth reached by the probing
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fast particle or ray. Still, composition approximately
estimated by AAS and X-ray Photoelectron
Spectroscopy (XPS), are quoted below. Apparent
fall or near constancy of “estimated” Cd-content on
moderate heating and rise in Cd-content or O-loss
at higher temperatures towards 800°C appear
to be suggested by all the techniques, although
details differ due inherent special factors of different
techniques and compromises in our data analysis.
These pellet samples contain a lot of absorbed and

32200 - 62.3 0C 173 UC

adsorbed moisture, different gases and dirt. These
are removed by heat up to moderate temperatures
increasing fraction of detected Cd in the sample. By
not taking this partly known factor into consideration
one can wrongly conclude fall of Cd fraction in “CdO
compound” up to moderate temperatures. Real fall
of Cd-fraction in “CdO compound” would have to
involve O-intake by the O-rich sample at this low
temperature, while O-loss is confirmed, at least at
higher temperatures.

Thermogravimetry of
as-supplied cadmium oxide
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Fig. 21: Thermogravimetry of as-supplied cadmium oxide
in air for heating at the rate of 1°C /min?®
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Fig. 22: Differential Scanning Calorimetry (DSC) of as-supplied
cadmium oxide in air for heating rate of 1°C /min34
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Thermogravimetry (Figure 21), shows that as-
supplied CdO loses weight or mass basically at two
temperatures, as marked in the Figure. Differential
Scanning Calorimetry (DSC) records (Figure 22)
heat absorbed by the sample (endothermic process)
or heat evolved by the sample (exothermic process)
for upward or downward temperature scanning
of the sample.® Here, taking out atoms must be
endothermic, the two dips or minima in our DSC.
These endothermic dips are at the 2 major steps
of mass loss in TGA — a satisfying agreement.
Heating of cadmium oxide should, therefore, involve
more and more O-loss, basically at the indicated
temperatures. Midway between these endothermic
dips, one sees a large exothermic peak that needs
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to be explained. The O-loss from random positions
at the lower temperature endotherm must have
left the sample rather disordered. So, on further
increase of temperature a re-arrangement of Cd and
O atoms into a lower potential energy structure may
have taken place as supported by evolution of heat.
So, higher temperature of the higher temperature
endotherm is needed to eject more atoms, as
evidenced from TGA, from the structure.

Knowing and understanding non-stoichiometry in |l-
VI compounds like CdO, ZnO and MgO is essential
before undertaking their doping to make p type or n
type semiconductors.

#1, By=4T

\ H=0

Fig. 23: GeV Pb-ion irradiation[57] on SmFeAsO,_F _crystal, with layered structure (a), along
c-axis of the crystal, produced nano-scale columnar®” defects (b). Picture (c) is the image of the
so-called sample number 1 placed on top of a micro-Hall array magnetometer. Pictures (f) and (g)
are magneto-optical images of the magnetic flux tube in the sample in increasing and decreasing
applied magnetic fields. Graphs (d) and (e), magnetization measurement results of sample nos.
1 & 2 before and after irradiation show practically undiminished T_. The scale bars in (c) and (f)
indicate 100 pm. Next Figure, Figure 24(a), will show huge increase of critical current density (Jc).
Fine adjustment of the experiment achived this increase of J_ without T  degradation. All data
from Ref.,’” thanking the authors
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Fe-HTSC - Characterization and Application
Potentials

The Fe-based HTSCs fall in following 4 families,
identified by their general formulae and the high
temperature crystallographic structures:

e the 1111 family (RFeAsO with substitution,
R = rare earth element), having tetragonal
P4/nmm, ZrCuSiAs type structure, showing
maximum T, ~ 56 K for Gd, Th FeAsO at
x =0.20,%

e 122 family (AE1Fe2As2, mostly with
substitution, AE = an alkaline earth element
like Ba, for Ba122), having tetragonal 14/mmm,
ThCr,Sitype structure, showing maximum
Tc = 38 K for Ba(1-x)KxFe2As2, x=0.4,3

e the 111 family (LiFeAs and NaFeAs, with or
without substitution) having a tetragonal P4/
nmm, PbFCI type structure, showing maximum
T,=18Kin LiFe, ,As,®

* the 11 family (FeSe,,Te, non-stoichiometric
or with substitution) having tetragonal P4/nmm,
a-PbO type structure, showing maximum Tc =16
Kin FeSe S, ,"*%*

On lowering the temperature below a certain

temperature (T ), the metallic parent compound

shows a tetragonal-to-orthorhombic structural
change: to Cmma for the 1111 family, to Fmmm
for the 122 family, to Cmma for the 111 family, and
to structures like Pnmm for the 11 family.2021.87-3

Various mechanisms of superconductivity involving

magnetic interactions have been suggested for these

Fe-based superconductors.®

Now we note that the high temperature structure for
all the 4 families is tetragonal. More important is the
fact that they all contain Fe-As or Fe-Te/Se layers
in tetrahedral coordination, and superconductivity
originates from these layers. For these reasons,
doped BeFe,As, or 122 superconductors can roughly
represent all the four families. It has the relative ease
of making its SXL, as our advantage for working on
Ba(Fe,,,,C0,),As,. Still, above outline is included to
introduce all the Fe-HTSCs.82140

A 5th structure with FePn-planes,where Pn=
Pnictide, to join this superconducting set of materials

is the so-called 21311 (sometimes called the
42622) structure.”® The first member Sr,ScO,FeP
found by Ogino et al., in 2009 showed T =17 K.
The 6™ and most recent FePn/Ch structure with
superconductivity (Tc = 32 K) is an ordered defect
alteration of the 122 or BaFe,As, structure (called
the “122*” structure herein), written as A  Fe, Se,.*®

High values of J_ (superconducting critical current
density), T_ (superconducting critical temperature)
and H_, (superconducting upper critical field) qualify
likely performance of a superconducting material as
the wire or cable in a superconducting magnet. Both
Cu-O based HTSCs like YBa,Cu,O,, , and Fe-As or
Fe-TE/Se based HTSC 7677like doped-Ba122 are
good with respect to J_and H_,. Although T _ of doped-
Ba122 is little lower, its metallic nature offers easier
fabricability into a cable and it is more isotropic than
Cu-O based HTSCs."7#3 Co-doped Ba 122 turned
out to be best for making high current conductors.
Intrinsic Jc of BaFe, ,,Co%'®As, is already within
1 order of magnitude of best “old” superconductors
with similar T_ (Nb,Sn), as discussed by M
Brian Maple, UC (San Diego). For using the Fe-
superconducting Tapes in large magnets in radiation
environments, radiation damage experiments are
important.2”% Suitable irradiation induced defects
can also increase critical current density, as
discussed next from a recent publication.*

In type Il practical superconductors like Cu-O
HTSCs, critical current density (loss-less electrical
current density), is increased by increasing vortex
pinning centers in the superconductor so that the
flux lattice is pinned by these centers.'®'” Columnar
defects generated by swift heavy ions have produced
best pinning centers in Cu-O HTSCs. Fang et al.,
have irradiated, along c-axis of the crystal, two
SmFeAsO F, ., single crystals with 1.4 GeV Pb-
ions to doses of N=2 x 10" ionscm= (sample no.
1, & corresponding to nominal dose-matching field
of BO=4T) and 5 x 10" ionscm=2 (sample no. 2,
dose-matching field of B = 9.5T). Here, BO=N®,
where @=2.07 x 10"*Tm?* Heavy Pb ion creats
amorphous tracks or columnar defects, only ~2-5
tracks per 1000 unit cells.
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Fig. 24: For the same samples as in Figure 23, micro-Hall-bar voltage signal, in (a), shows J_
increase for sample no. 2 due to the 1.4 GeV Pb ion irradiation, to a dose-matching field of
B®=9.5T. Graphs in (b) show J_vs. magnetic field variation at various temperatures for sample
no. 2. The magenta coloured solid line is the J_ determined from SQUID measurements at 5K,
using the Bean model. Graphs with open symbols give Jc obtained from the micro-Hall-array

magnetometer. Variation, in Figure (c), of J_ with temperature before and after irradiations shows
clear increase of J_for Sample No.2 for Pb-irradiation to a dose-matchig field of 9.5T.
Figure (d) indicates increase of the Upper Critical Field due to Pb-irradiation. These are actually
the irreversibility lines for the 3 investigated samples. Irreversibility field was determined using
J_=2,000 A.cm-2 as the criterion. Uncertainty comes from the noise in J_. measurement which is
shown in b. The solid lines in Figures (c) & (d) are guides to the eye. All data from
Ref.,*” thanking the authors

Like earlier-mentioned Co-doped Ba122,
Ba, K, ,Fe,As, has been quoted to show a nearly
field-independent and high critical current density
of J= 5MAcm= at 5K and H~7T, comparable
to that of best YBa,Cu,O, -coated conductors
under similar conditions. However, the relatively
low T, of Co-doped (23 K) and K-doped (38 K)
samples was the disadvantage. High T, > 50 K
in FeAs-1111 compounds, like SmFeAsO, F

1-x° x?

plus its J_ approaching 12MAcm-2 in as-grown
SmFeAsO, F crystals and films at 5K and self-field
appeared attractive.* Disadvantage was the layered
structure of SmFeAsO, F , shown in Figure 23(a),
leading to high anisotropy, y~8, higher than YBCO.
This suppresses the irreversibility field, limiting
applications at high fields and high temperature.
Fang et al., mitigated these disadvantages, by
generating above-mentioned nano-scale columnar



DE & BHATTACHARYA, Mat. Sci. Res. India, Vol. 17(2), pg. 90-116(2020) 113

defects in optimally doped SmFeAsO F, ..
crystals.** That brings many benefits (Figure 24).
They incorporated a low density of columnar defects
into pristine SmFeAsOF .. crystals by using
high-energy, heavy-ion irradiation along the c-axis.
The induced columnar defects produce very high
critical current density, as shown in Figure 24(c),
without degradation of the transition temperature,
vide Figure 23(e). The enhanced critical current of J_
(5K, 0T) ~ 20MA.cm~2 corresponds to ~20% of the
depairing current density. Interestingly, the radiation
also reduced the superconducting anisotropy from
8 to 4. This can be qualitatively explained in the
framework of anisotropic electron scattering by
columnar defects.

A reduction of the anisotropy after heavy-ion
irradiation with virtually unchanged Tc was also
observed in 122-compounds. The anisotropy of
Ba K, ,Fe,As, is reduced from 2.5 to 2.1 after
1.4 GeV Pb-ion irradiation to a dose of BO=21T,;
heavy-ion-irradiated SrFe,(As, P ), shows an
anisotropy change from 1.6-1.5 to 1.2-1.3. The
comparatively small reduction of anisotropy in the
FeAs-122 materials can be attributed to the initial
low anisotropy and the discontinuous morphology of
the damage tracks. Similar phenomena is expected
in high-T_ cuprates, MgB, and other anisotropic
superconductors. Very limited attention has been paid
to the reduction of the superconducting anisotropy
due to correlated defects in these materials. In the
case of cuprates, any change of H_, is convoluted
with a reduction of T, whereas the high conductivity
of MgB, and of most conventional superconductors
has prevented the creation of columnar defects with
heavy-ion irradiation. For Fe-based superconductors,
their semimetal property and weak gap anisotropy
enable one to tune the anisotropy via heavy-ion
irradiation. Other poor-metallic and fully gapped type
Il superconductors can be expected to follow present
predictions and demonstrate tailored anisotropy. This
general phenomenon is important for the application
of new superconducting materials.

The low anisotropy, high J_ and high T _ of optimal-
doped SmFeAsO, F, indicated that it was then
the best Fe-based superconductor for practical
applications. SmFeAsO1-x Fx thin film synthesis

has progressed well. Further improvement of the

performance of these films can be expected on
introducing columnar-type defects. Self-assembled
columnar defects, possible in Cu-O HTSCs can be
tried in Fe-HTSC films.

Having discussed few of yet the best Fe-HTSCs for
making high current superconducting films and wires,
an outline of making such wires will be appropriate.*
Techniques like pulsed laser deposition (PLD) onto
room temperature LaAlO, and MgO substrates have
been used successfully and rather widely to deposit
thick films for high current conduction with zero
resistance. Using powder-in-tube or (PIT) method,
Gao et al., prepared in 2008, SmFeAsO_.F, ..
wires by filling 8 mm diameter Ta-tube of, 1 mm
wall thickness, with stoichiometric amounts of the
constituent reactant powders, swaging down the
tube to 2.25 m diameter and reacting at 1170°C C
for 45 h.% The resulting wire had T (onset) of ~ 52
K, a global critical current density of 3900 A/cm? at
5 K, and WHH formula H_,(T~ 0) >100 T. Using the
PIT method, Ozaki et al., (2011) prepared single
core and 7 core FeTeSe  wires, with Tc(onset)
~ 11 K, and Jc (4 K) ~ 200 A/cm?2. As expected,
critical current density J_in single crystals have
much higher values in above-mentioned wires. Ma
et al., (2009) also discussed the PIT process, with
Nb or Fe tubes in addition to Ta. Wang et al., (2010)
prepared Sr, K, ,Fe,As,, Tc ~ 34 K, SC tape with Ag
sheathing to reach J_ (4.2 K) ~ 1200 A/cm?,

Concluding Summary

As outlined elaborately, continuing development of
specialized piezoelectric materials and intelligently
designed devices have led to

e  varied, precise, fast and economical detection
or sensing, of pressure or movement through
direct piezoelectric effect — with control through
added feed-back mechanism,

e  varied, precise, fast and economical generation
of force or motion (from micromanipulator
to hammer) through inverse or converse
piezoelectric effect, and

e varied, precise and fast imaging — through
different ultrasonography scanning — either
inside human body and liquid-metal-filled fast
breeder reactor or outside under the sea of fish
shoals or submarines
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ltems in (i) and (ii) are, in most aspects, superior
to electro-magnetic or similar devices, justifying
their nicknames: electronic muscle and solenoid
replacement. These are usually more economical
than electromagnetic devices, that often involve
bulky moving parts. Latter consumes more electricity
and require more frequent replacements. Industries
need to notice latest of successful applications
of piezoelectricity, and more importantly potential
applications that can be profitably exploited. Here,
earlier discussion of piezoelectric sensing of
fuel and exhaust gases in automobiles, aircrafts,
rockets and missiles and necessary control may
be recalled. Even chemicals in the exhaust are
detected by frequency change due mass change of
an implanted piezoelectric oscillator due absorption
of the targeted gas by the target-specific coating
given on the piezoelectric oscillator. These advances
have led to great improvements in automobile engine
performance.

There is harmful Electromagnetic Interference
(EMI) to humans and sensitive instruments in
certain range of the Electromagnetic Spectrum
(Table 1 of Reference 42) like the microwave range.
EMI Shielding of either the source or to-be-protected
item is best done by a suitable gapless metal sheet
shielding. Difficulty of making the metal shield
gapless and its higher weight with respect to a flexible
polymer-based shield have moved the world towards
2" generation EMI Shielding by Polymeric Materials.
Others using conducing polymer with solid particle
inclusion, have to usually add a binder-polymer or
adhesive material. Here, composites of a polymeric
binder only with EM wave reflecting particles
(of a metal or a conducting oxide) or with EM wave
absorbing particles (ferroelectric or dielectric) or their
mixture have been developed as flexible sheets and
their EM Shielding Effectiveness (SE or SEtotal) and
Reflection Effectiveness have been measured from
700 MHz to 40 GHz measured by a Vector Network
Analyser. Polymeric composites fabricated by the
present group include EMI Shielding materials and
Radar Absorption Materials (RAMs).642

Non-stoichiometry in 1I-VI compounds, and CdO
in particular, has been shown to be significant,
although it is not fully know and not discussed well
in the literature. Since this non-stoichiometry has
to generate free charge carriers, this can interfere

with p-type or n-type doping efforts. 800°C fired
cadmium oxide has fairly high electricl conductivity
(Figure 7). Optical transparency of cadmium oxide
allows its use as TCO or Transparent Conducting
Oxide in solar cells. Different techniques for
characterization of composition (like Cd:0) as well
as electrical and thermal properties of differently
fired “CdQO” have been outlined.

Fe pnictides, like Ba(Fe  Co,),As, and Fe
chalcogenides superconduct defying the dictum arising
from observations in conventional superconductors
that magnetic ions like Fe, even in traces, destroys
superconductivity. Here, newer pairing mechanism
involves Fe magnetism. These Fe pnictide and
chalcogenide superconductors have Fe electrons
at the Fermi surface, and an unusual Fermiology
that can change rapidly with doping, leading to
normal and superconducting state properties very
different from those in standard electron-phonon
coupled “conventional” superconductors. As already
indicated, superconductivity and magnetism or
magnetic fluctuations are here intimately related and
even coexist in some instances. Most importantly,
these Fe-HTSCs are metals and less anisotropic
than Cu-O based HTSCs, helping fabrication
of superconducting wires for high current high
field applications. This has been reviewed rather
extensively in view of emerging potential for
commercial exploitation.

This review touches only few topics from materials
science research that is fruitfully extending into
industry to make life more comfortable by inventing
newer devices and techniques.
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